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of Aluminium Sheet
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Laser-assisted pre-stress forming is a technology for the manufacturing
an integrally stiffened panel. To investigate the thermo-mechanical
mechanism for such forming method, experiment on laser-assisted four-
point bending an AA6061-T6 aluminium alloy sheet is carried out.
A three-dimensional (3-D) finite element method (FEM) simulation is
conducted and verified with the experiment in aspects of both tempera-
ture histories and force-displacement curve. During forming process,
the sample is bent via four point bending elastically and then heated with
a continuous wave (CW) Nd: YAG laser system in a controllable manner.
Since material yield strength decreases with an increasing temperature
locally, pre-loaded elastic strain is partially converted into plastic strain,
and elastic strain energy is dissipated into plastic work. In this paper,
the forming mechanism is studied by analysing the coupled thermo-
structural field. According to the final shape by simulation, the spring-
back ratio is 78.0% (76.0% by experiment), and the energy dissipation
rate is 33.5%.

Keywords: Nd:YAG laser, AA6061-T6 aluminium alloy, finite element method
(FEM), laser-assisted, four point bending, pre-stress forming, spring-back

1 INTRODUCTION

Integrally stiffened panel of airplane is widely used for aircraft because of
its remarkable structural strength and stiffness [1]. In comparison with tradi-
tional aircraft wing-panel, integrally stiffened panels can significantly pro-
long the life span of an aircraft and reduce the weight; however, forming of
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integrally stiffened panel of airplane brings a challenge to the aeronautical
manufacturing technology; the integrally stiffened panel is hard to be bent
directly. Traditionally, forming technologies such as three point bending
and four point bending are used for the forming of such stiffened structures.
During bending process, to achieve a desired plastic deformation, a remark-
able amount of elastic strain energy is stored in the part, as generally indi-
cated by a phenomenon of large spring-back, which is a key to the geometric
accuracy of forming a mechanical part [2]; consequently, the accuracy of
forming is limited. On the other hand, applying bending loads could induce
structural failures such as cracking and buckling especially in the regions
of stress concentration around stiffeners [3—5]. Such difficulty, however, can
be overcome if the elastic strain energy within the structure can be dissipated
into plastic work via softening the work piece by selective heating in a
specific area.

Selective heating can be implemented with many kinds of energy source
such as laser power, electronic beam, and even flame. In the present study,
laser power is used. Bending with laser scanning is performed according to
the following procedures, which are also illustrated in Figure 1:

(i)  Four point bend the work piece to a deformation state in which the
strain energy is elastic;

(ii)) Maintain the deformation state and heat at specific regions by laser
scanning; and

(iii)) Remove all the external loads after the work piece is cooled down to
room temperature.

When the sample is heated by laser scanning the material yield strength
in the heated region decreases. The stored elastic energy in Procedure (i)
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FIGURE 1
Schematic diagram showing four point bending with laser forming.
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is thus partially dissipated into the plastic work; consequently, a relatively
smaller spring-back will further be produced in Procedure (iii) than that by
common bending procedures. In other words, the accuracy of forming is
enhanced.

In this paper an experiment on laser-assisted four point bending is
conducted. Then a finite element method (FEM) simulation is performed
to analysis the forming mechanisms.

2 EXPERIMENTAL DETAILS

The material used in the experiment is AA6061-T6 aluminium alloy sheet.
Table 1 lists the specification for geometrical dimensions and laser parame-
ters. In order to increase energy absorption, the sample is coated with a
layer of graphite ink.

The experimental procedures included three parts: mechanical loading;
laser scanning/cooling; and mechanical unloading. During mechanical load-
ing, the sample is placed and bent with a multifunctional material test machine
(GP-TS2000HM; GoPoint Technology, Inc.). The distance between two
punch noses is 36 mm, and the distance between two supports is 80 mm.
The laser (lab-made) used was a continuous wave (CW) Nd:YAG laser
emitting a top-hat beam at 1064nm. The Nd:YAG laser beam was scanning
on the bottom side (Surface A) of the sample along width direction (y+),
as Figure 1 illustrates. After the sample cooled down naturally to room tem-
perature, the loading force is removed and then the sample is finally formed.
During the experiment, the loading force and the displacement of the punch
nose are logged. Temperature histories of P1(0,0.1W,H), P2(0,0.5W,H) and
P3(0,0.9W,H) are measured with Type K thermocouples and a data logger
(8430-20; HIOKI, Ltd.).

TABLE 1
Parameters used in the experiments.

Parameter Value
Sample length (L) 100 mm
Sample width (W) 48 mm
Sample thickness (H) 1 inch
Laser power (P) 140 W
Absorptivity (A) 0.7
Laser beam radius (1) 3 mm

Laser scanning speed (V) 0.5 mm/s
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3 NUMERICAL SIMULATION METHOD

In the present numerical simulation, the commercial finite element program
ABAQUS is used. Since the heat generation by deformation is negligible in
comparison with the heat flow by the laser beam, a sequentially coupled field
technique can be adopted. This essentially means that stress field hardly has
influence on temperature field, and hence both temperature field and stress
field can be solved in sequence [6, 7].

The transient temperature field is determined based on heat transfer equa-
tion. The laser beam is modelled as a moving heat flux, which is implemented
with ABAQUS DFLUX subroutine, applied on the bottom surface of the
sample. To simplify the analysis, three assumptions are presumed to solve the
thermal field:

(i)  The laser intensity distribution is uniform;

(i)  Only convection (h = 60 W/m?K) is considered; and

(iii)) Changes of physical properties with temperature can be linear interpo-
lated, as shown in Figure 2 and Figure 3.

The governing equation for heat conduction is expressed as
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FIGURE 2

Thermal properties used in the FEM simulation.
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FIGURE 3
Mechanical properties used in the FEM simulation.

where p is the density, ¢ the specific heat, T the temperature and ¢ is
the time. The moving heat flux generated by the laser scanning is
expressed as

AP
A Ja—x, 0P + =y, ) <r
] =47r (2)

0 Ja—x, 0P + -y, >r

where A is the absorption coefficient, P the power of laser beam, r the radius
of laser spot, and x,(), y(f) the coordinates of the centre of the laser spot in
global coordinate system at time .

Time scale of stress in response to thermal field is negligible, compared to
that of heat transfer; consequently, a quasi-static approach can be adopted in
structural field analysis. The following are assumed to calculate the structural
field [8-13]:

(i)  The material is isotropic;

(i) The material is elastic-perfectly plastic;

(iii) The material is incompressible when plastically deformed;
(iv) Strain rate effects are neglected; and

(v)  The yield function is assumed as [14]
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1
f= 355~ k(T )

where s;; is the deviatoric stress and k. is the temperature dependent yield
stress of material in pure shear. The relation between strain g; and stress o
can be expressed as [14]
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in which & is the Kronecker delta and e;; is the deviatoric strain. In Equation
(4) g vanishes in the plastic state and equals to unity in the elastic state:
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Because of the symmetry only half a model is necessary. In such case, neces-
sary constraints are applied on certain geometric features of the geometry
model, including a symmetry constraint on the symmetry plane. Figure 4
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FIGURE 4
Symmetric model for the FEM simulation.
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TABLE 2
Stages in the FEM simulation.

Time (seconds) Stage

t=0to 10 1: Mechanical loading
t=10to 118 2: Laser heating
t=118 to 740 3: Cooling

t=740to 750 4: Unloading

shows the symmetrical FEM model used for simulation. The punch nose and
support are modelled as analytical rigid bodies. During the simulation, con-
tact pairs are established for modelling the loading process. Table 2 lists the
four main stages during the whole forming process.

4 RESULTS AND DISCUSSION

To validate the numerical model, Figure 5 plots both the computed and exper-
imental temperature histories at point P1, P2, and P3, respectively, which
shows a consistency of the numerical results and the experimental measure-
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FIGURE 5

Measured and FEM simulated temperature histories at locations P1, P2 and P3.
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ments within a margin of error. Such minor differences may result from the
thermal contact between the punch noses/the supporters and the sample,
which is neglected in the presented simulation. On the other hand, in the
experimental situation, differing from the numerical model, the absorptivity
may be also temperature dependent. Figure 6 plots both the simulated and
experimental force-displacement curve of the punch nose. With admissible
errors, both the thermal and the mechanical models are consistent with exper-
imental data and thus verified. With the force-displacement curve, a spring-
back ratio can be defined as

y==—t ™

where @y is the deflection during Procedure (i), and @j is the residual deflec-
tion at the punch noses. The experimental and numerical spring-back ratio at
the punch noses is, respectively, 76.0% and 78.0%.

When the sample is heated with a moving laser beam, the generation of
plastic strain energy is a result of the decreasing in material yield strength,
which is locally determined by the maximal temperature. Figure 7 shows the
local maximal temperature of each point on Path (a) on Surface A and Path
(b) on Surface B, illustrated in Figure 1 and Figure 4. The peak temperature
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FIGURE 6
Measured and FEM simulated force-displacement curve of the punch nose.
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FIGURE 7

Peak temperature distributions at Surface A and Surface B along Path (a) and Path (b).

tends to increase along y-axis. As the laser spot moves to the centre, dynamic
equilibrium is hard to be established, accounting for the linear increase in the
interval [0.2,0.8], indicated by linearly fitted dash lines. On the other hand,
the peak temperature deviated from the fitted lines near both edges. This
results from the effects of edge overheating [15]. The difference of the peak
temperature between Path (a) and Path (b) is also plotted in Figure 7, which
is constantly about 25°C and much lower than the temperature gradient nec-
essary in laser bending a sheet metal [16]. This means that, unlike the pro-
cessing strategy in laser forming, an even temperature distribution cross the
sheet thickness could lead to a better energy dissipation, and hence a suppres-
sion of the spring-back ratio.

Figure 8 shows the distribution of the equivalent plastic strain after form-
ing, which indicates that the deformation induced by laser heating is concen-
trated within the laser-scanned area, although the plastic deformation may
occur outside such region with a relatively much lower magnitude. On the
other hand, the plastic deformation is also concentrated near the exiting edge
of laser beam. This means edge distortion will take place. Based on displace-
ment field of the mid-plane of the sample, a Gaussian curvature field is calcu-
lated. For bending along a single direction, the Gaussian curvature should be
exactly zero. Figure 9 shows that intense distortion takes place around the
exiting edge.



214 Q. PENG

1.0

L0 1 T T T T 0.0200
1
1
1 0.0175
1
0.8 1 g
: 0.0150
1
0
8 i 0.0125
osfle ! ] '
! o
> : 3
! = 0.0100
= I
1
041 | il
| 40.0075
1
1
! 40.0050
1
0.2 | il
1
1 -40.0025
1
1
0.0 1 L L L L L—10.0000
00 Tb 02 0.4 0.6 0.8 1.0
2X/L
FIGURE 8
Contour of the distribution of equivalent plastic strain on Surface A.
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Contour of the distribution of Gaussian curvature on the sample’s mid-plane.
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Variations of the elastic and plastic strain energy during overall forming process.

In aspect of energy balance, during the mechanical loading process, elastic
strain energy is stored in the sample, and absolutely no plastic work is pro-
duced. While the sample is heated with laser, the elastic strain energy is
dissipated into the plastic work, shown by Figure 10. During cooling proce-
dure, both the elastic energy and the plastic energy remain unchanged. The
unloading procedure shows a partial release of the elastic strain energy, the
remainder of which is stored as an unevenly distributed residual stress. In the
overall forming process, one can define an energy dissipation ratio as

E=—=L (8)

where E, is the pre-loaded elastic strain energy, and E, is the plastic work. In
this case the energy dissipation value is 33.5%.
5 CONCLUSIONS

A three-dimensional (3-D) thermo-mechanical finite element method (FEM)
model is established to analyse the mechanism of the laser-assisted pre-stress
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forming. The simulation results were verified with the experiments. In aspect
of the temperature histories and force-displacement curve, the simulated
results agree with those measured in experiment. The forming mechanism is
a contraction of material yield surface due to temperature elevation and peak
temperature distribution. Pre-loaded elastic strain is partially converted into
plastic strain, and elastic strain energy is dissipated into plastic work. The
peak temperature along laser scanning path is distributed unevenly because of
the low scanning speed of the laser, which is unable to establish a dynamical
equilibrium. The plastic strain is concentrated in the rear of the scanning path
and within a length of laser radius in the x-direction. The Gaussian curvature
distribution indicates that edge distortion exists near the exiting edge due to
the exceptionally elevated temperature in that area. According to the final
formed shape, the spring-back ratio is 78.0% (76.0% by experiment), and the
dissipation rate of the elastic strain energy into plastic work is 33.5%.
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NOMENCLATURE

A Absorption coefficient, <1

c Specific heat (J/kgK)

E, Pre-loaded elastic strain energy (J)
E, Plastic work (J)

e;; Deviatoric strain tensor

h Heat transfer coefficient (W/m?K)
I Heat flux (W/m?)

k Thermal conductivity (W/mK)

k, Yield stress of material in pure shear (Pa)
P Power of laser beam (W)

r Radius of laser beam (m)

8jj Deviatoric stress tensor (Pa)

t Time (seconds)

T Temperature (K)

Greek symbols

o Coefficient of thermal expansion (K™
Spring-back ratio

0;; Kronecker delta

y

E:-

i Strain tensor
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v Poisson’s ratio

& Energy dissipation ratio

p Density of material (kg/m?)
O Stress tensor (Pa)

) Deflection (m)
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